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Summary
Metapopulation theory developed in terrestrial ecolo-
gy provides applicable frameworks for interpreting
the role of local and regional processes in shaping
species distribution patterns. Yet, empirical testing of
metapopulation models on microbial communities is
essentially lacking. We determined regional bacterio-
plankton dynamics from monthly transect sampling
in the Baltic Sea Proper using 16S rRNA gene
sequencing. A strong positive trend was found
between local relative abundance and occupancy of
populations. Notably, the occupancy-frequency dis-
tributions were significantly bimodal with a satellite
mode of rare endemic populations and a core mode
of abundant cosmopolitan populations (e.g. Syne-
chococcus, SAR11 and SAR86 clade members).
Temporal changes in population distributions sup-
ported several theoretical frameworks. Still,
bimodality was found among bacterioplankton com-
munities across the entire Baltic Sea, and was also
frequent in globally distributed datasets. Datasets
spanning waters with widely different physicochemi-
cal characteristics or environmental gradients
typically lacked significant bimodal patterns. When
such datasets were divided into subsets with coher-
ent environmental conditions, bimodal patterns
emerged, highlighting the importance of positive
feedbacks between local abundance and occupancy
within specific biomes. Thus, metapopulation theory
applied to microbial biogeography can provide novel
insights into the mechanisms governing shifts in bio-
diversity resulting from natural or anthropogenically
induced changes in the environment.
Introduction
Marine microorganisms regulate ecosystem services
through their influence on fluxes of matter and energy in
the ocean (Falkowski et al., 2008). Conspicuously, these
fluxes are ever dynamic due to the pronounced potential of
microbial communities to rapidly respond to environmental
change, both through adjustments in species composition
and metabolic activity (Allison and Martiny, 2008; Gomez-
Consarnau et al., 2012; Logue et al., 2015). Historically,
local communities have been regarded as independent
ecological units with individual integrity, determined by
local interactions among coexisting species and environ-
mental factors (Lawton, 1999). However, over the past
decades, the profound influence of regional factors, e.g.
dispersal, in structuring local species assemblages has
been established (Harrison and Cornell, 2008; Ricklefs,
2008; €Ostman et al., 2010; Logue et al., 2011; Lindstr€om
and Langenheder, 2012). Yet, despite the recognized
importance of microbial biogeographical patterns (see e.g.
Ghiglione et al., 2012; Sul et al., 2013; Zinger et al., 2014),
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the mechanistic processes involved in structuring bacterio-
plankton communities remain largely unconstrained
(Martiny et al., 2006; Hanson et al., 2012; Lindstr€om and
Langenheder, 2012).
Metapopulation theory has mainly been used to charac-
terize the dynamics of macroorganisms in patchy
environments, i.e. how local colonization and extinction
rates interact with species distribution at a regional scale.
Colonization (C) and extinction (E) rates are typically cal-
culated from the temporal change (dt) in fraction of sites
occupied (P) of populations in a given ecosystem.
Changes in occupancy (dP) is thus calculated as dP/
dt5C2E (Hanski and Gyllenberg, 1993). When applied
in terrestrial ecology, these theoretical models give explan-
atory power to identify the drivers of distribution patterns
among insects, plants and animals (McGeoch and Gaston,
2002), providing knowledge critical for developing strate-
gies in conservation biology. Two major models have
attracted important attention; Levin’s model and the core-
satellite hypothesis (CSH) (Levin, 1974; Hanski, 1982).
The two original models differ in how extinction rates are
calculated (linear according to Levin’s model and quadratic
according to the CSH model; Supporting Information Fig.
S1A and B) to predict occupancy-frequency distributions
(the number of species that occupy different number of
sites). Further, Levin’s model predicts a unimodal
occupancy-frequency distribution characterized by a
skewed pattern where most species in a region occupy a
single site and the number of species decreases with
increasing number of sites (Levin, 1974; Supporting Infor-
mation Fig. S1A). The decrease in number of species
occupying increasing number of sites is predicted from a
linear relationship between extinction rates and occupancy
(Supporting Information Fig. S1A). Accordingly, as the fre-
quency of extinction is calculated across all sites in a given
ecosystem and all patches are assumed to have an equal
risk of extinction (Levin, 1974), common species with high
occupancy are more likely to go extinct due to the high
number of patches they occupy, i.e. the risk to go extinct
increases with occupancy.
In contrast, the CSH predicts a bimodal pattern where
the decrease in number of species with increasing number
of study sites is followed by an increase in species occupy-
ing all or most sites (Hanski, 1982; Supporting Information
Fig. S1B). Hanski’s metapopulation model (Hanski, 1982;
Brown, 1984; Gaston et al., 2000) predicts a quadratic
function of both colonization and extinction rates and takes
into account positive feedback mechanisms, i.e. a rescue
effect, between local abundance and occupancy (Support-
ing Information Fig. S1B). Extinction rates are therefore
predicted to be low for populations with high and low occu-
pancy but high for populations with intermediate
occupancy (Supporting Information Fig. S1B). Variations
of both Levin’s model and the CSH have been elaborated
over time to explore whether colonization rates are inde-
pendent of occupancy (Gotelli, 1991; Hanski and
Gyllenberg, 1993). In particular, (Gotelli, 1991) proposed a
mechanism where colonization can be independent of
occupancy due to a constant propagule rain or dormant
seedbank, thus having linear relationships between both
colonization- and extinction rates and occupancy (Support-
ing Information Fig. S1C and D). Still, there are few, if any,
empirical tests of these models using high-throughput
molecular data in aquatic habitats in general and for micro-
organisms in particular. Taken together, application of
metapopulation theory may resolve the underlying mecha-
nisms of microbial species distributions, and could improve
predictions and interpretations of patterns in biodiversity
responding to environmental change.
Here we aimed to investigate the importance of regional
effects in shaping monthly sampled local bacterioplankton
communities (operational taxonomic units [OTUs], conser-
vatively defined at 97% 16S rRNA gene sequence identity)
in the Baltic Sea Proper. Our objectives were to determine
(i) the relationship between local relative abundance and
occupancy, (ii) the type of occupancy-frequency distribu-
tion patterns, and (iii) colonization and extinction rates. We
further aimed to identify OTUs showing distinct distribution-
al and colonization/extinction patterns. To validate
observed distribution patterns, the analysis of occupancy-
frequency distributions was extended to complementary
datasets spanning the entire Baltic Sea as well as global
International Census of Marine Microbes (ICoMM) data-
sets. We also evaluated observed OTU distributions with
beta-diversity patterns and variability in environmental con-
ditions available as metadata in the ICoMM database.
Material and methods
Field sampling
In 2010–2011 during the productive season (April–October),
spatiotemporal dynamics of bacterioplankton communities
were investigated at 16 stations off the east coast of Sweden
in the Baltic Sea Proper (Supporting Information Fig. S2). The
area and sampling of physicochemical parameters are
detailed in Bertos-Fortis et al., (2016) and supporting
information.
DNA extraction, 454 PCR, sequence processing
and analysis
Collection of DNA and amplicon processing from the 117 col-
lected samples was carried out as previously described
(Bertos-Fortis et al., 2016), and see supporting information.
The study area (Supporting Information Fig. S2) was chosen
as part of a collaboration between the projects PLANFISH
and EcoChange to study food-web dynamics in a coastal to
open ocean gradient. For details on hydrological conditions in
the study area please see (Dıaz-Gil et al., 2014; Legrand
et al., 2015; Bertos-Fortis et al., 2016). Seawater from each
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station was collected in acid washed Milli-Q rinsed polycar-
bonate bottles, at discrete depths (2, 4, 6, 8, and 10 m) that
were pooled and filtered shipboard. All 16 stations were repre-
sented in 2010 and classified according to their spatial
distribution (coastal-offshore) as coastal (C), middle (M) and
open (O) sea stations. During 2011, only coastal (C) and open
(O) stations were sampled.
DNA from biomass collected onto 0.2 mm-pore-size filters
was extracted according to (Riemann et al., 2000). Amplicon
processing was performed as in (Lindh et al., 2015). Rarefac-
tion curves for all samples are provided in Supporting
Information Fig. S3. The final OTU table delineated at 97%
16S rRNA gene sequence identity contained 100 samples,
each with 3000 sequences, and a total of 10951 different
OTUs (excluding singletons and chloroplast sequences).
Delineation at 97% 16S rRNA gene sequence identity repre-
sents a conservative estimate of phylogenetic diversity in a
sample. For the Baltic Sea dataset we obtained 16S rRNA
gene bacterial sequence data (delineated at 99% 16S rRNA
gene fragment sequence identity) from (Hu et al., 2016), (see
also Supporting Information). Thirty-one OTU tables (delineat-
ed at 97% 16S rRNA gene fragment sequence identity) of
bacterial sequences from ICoMM projects were downloaded
from http://vamps.mbl.edu/index.php, see details in Support-
ing Information. To evaluate the robustness of using
phylogenetic definition of populations, we tested the effect of
clustering our Baltic Sea Proper data at different levels of 16S
rRNA gene sequence identities. It is here important to note
that a portion of rare OTUs may, from purely technical OTU
assembly and clustering reasons, be influenced by sequences
derived from closely related abundant OTUs (see e.g. He
et al., 2015). However, the large variation in observed
patterns of a majority of rare OTUs indicates that such meth-
odological biases had limited effect on our conclusions in the
present study.
Statistical analyses and graphical outputs
In the present paper we have defined abundant and rare
OTUs as having relative abundances >1% and <0.1%,
respectively (Pedros-Alio, 2006). Furthermore, we defined
‘core’ and ‘satellite’ populations as having average local rela-
tive abundance >0.01 and average occupancy (P) >0.9, and
average local relative abundance <0.001 and average
P5 0.01, respectively). To elucidate how our observed data fit
with current models, we calculated rates of colonization and
extinction by comparing occupancies of OTUs between suc-
ceeding months, i.e. the number of new sites an OTU had
colonized compared with the number of previously occupied
sites from which it had disappeared (Fig. 3). As in previous
work (Wardle et al., 2011), we considered the terms coloniza-
tion and extinction in a broad sense as analogous to gain and
loss of OTUs, i.e. local extinction is going from presence to
absence. Accordingly, absence was indicated by local relative
abundance <0.006%, given the detection limit of our sequenc-
ing methodology. Conversely, colonization represented the
shift from absence (i.e. below detection limit) to presence, irre-
spectively of whether this is the result of on-site growth or
from immigration of populations from neighboring waters. An
equivalent to Tokeshi’s test of bimodality was performed using
Mitchell-Olds’ and Shaw’s test (Mitchell-Olds and Shaw, 1987)
for the location of quadratic extremes. Non-linear least
squares analysis was performed using the equations of Lev-
in’s model, the CSH hypothesis and Gotelli’s propagule rain
model (Levin, 1974; Hanski, 1982; Gotelli, 1991).
Levin’s original model (Levin, 1974) is as follows:
dP=dt5CP 12Pð Þ2EP (1)
where P is the fraction of occupied sites, C is colonization rate
and E is extinction rate. When P5 1, occupancy is 100% and
all sites are occupied and when P5 0, occupancy is 0%,
meaning regional extinction. Colonization rate is the number
of colonized empty sites over time. If C is greater than E plus
the variance in E (C>E1o2E), then Levin’s model predicts a
unimodal distribution. Hanski’s model (Hanski, 1982) is as
follows:
dP=dt5CP 12Pð Þ2EP 12Pð Þ (2)
Thus, if the variance in S (C – E) is greater than S (i.e.
r2S>S) the model predicts a bimodal species distribution.
Variations in Levin’s and Hanski’s models were further test-
ed by including propagule rain into the non-linear least
squares analyses according to (Gotelli, 1991), calculated as
follows for Levin’s and Hanski’s models, respectively:
dP=dt5C 12Pð Þ2EP (3)
dP=dt5C 12Pð Þ2EP 12Pð Þ (4)
In Gotelli’s framework (Gotelli, 1991) the model assumption is
that colonization does not originate from local populations, but
from a constant propagule rain, or dormant seedbank. Coloni-
zation is thus independent of P and based on a linear
relationship between colonization rate (C) and occupancy.
All statistical tests and graphical outputs were performed in
R 3.2.2 (R Core Team, 2014), using the package Vegan (Jari
Oksanen et al., 2010) and ggplot2 (Wickham, 2009). Support-
ing Information Figs S2 and S5A were made using ODV
(Version 4.5.0; Schlitzer 2015).
Results and discussion
Differences in community structure among Baltic Sea
Proper sites
We investigated bacterioplankton population dynamics to
elucidate the role of regional as compared with local
dynamics in shaping biogeographical patterns (Supporting
Information Fig. S2). Samples of bacterioplankton commu-
nity composition in the grid of 16 stations in the Baltic Sea
Proper over two years (2010-2011) clustered according to
season, with a tendency towards differentiation between
coastal and offshore sites (Supporting Information Fig.
S4). This agreed with the recognized importance of spatio-
temporal shifts in environmental conditions for shaping
community composition of marine bacteria in the Baltic
Sea and elsewhere (Fuhrman et al., 2006; Gilbert et al.,
2012; Lindh et al., 2015; Bunse et al., 2016).
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Distribution of rare and abundant species
Across all monthly transect samplings, between 201 and
401 OTUs were detected in each sample. Among those
OTUs, between 8-25 OTUs on each sampling date were
abundant whereas a grand majority (typically 96-343
OTUs) was rare (Supporting Information Fig. S5). This pat-
tern is typical of aquatic microbial communities, and
widespread also among macroorganisms in terrestrial
environments (Morse et al., 1988; Gaston et al., 2000;
Rappe et al., 2000; Magurran and Henderson, 2003;
Pedros-Alio, 2006; Sogin et al., 2006; Unterseher et al.,
2011).
The pattern of many rare compared with a few abundant
populations for organisms in a wide variety of habitats may
be inherently linked with strong regional dynamics, i.e. a
positive relationship between local abundance and regional
occupancy. Such regional dynamics have been established
also for bacterioplankton (Blackburn et al., 2006; Heino
and Virtanen, 2006; €Ostman et al., 2010). Accordingly, we
found a positive relationship between average local relative
abundance of OTUs with average occupancy (i.e. the num-
ber of sites occupied by specific OTUs) (Fig. 1). Given this
pattern characteristic for a wide range of organisms and
ecosystems, including both macroorganisms and highly
diverse phytoplankton and bacterioplankton assemblages
(Hanski, 1982; Brown, 1984; Gaston et al., 2000), our
results suggest that mechanisms shaping regional dynam-
ics typically observed among macroorganisms outside the
marine realm could potentially shape also marine bacterio-
plankton assemblages.
Evaluation of metapopulation models in the Baltic
Sea Proper
The relationship between local relative abundance and
regional occupancy may be derived from and be directly
linked to OTU abundance patterns. Analysis of distribution
patterns among OTUs showed a recurring occupancy-
frequency distribution that was significantly bimodal in all
eleven sampled months (Mitchell-Olds & Shaw’s test,
P< 0.05, n5 6–12; Fig. 2). The observed bimodal pattern
was remarkably stable and persisted throughout all levels
of clustering of OTUs, and including or excluding single-
tons, but with a weaker tendency toward bimodality at
100% OTU cut-offs (Supporting Information Fig. S6). In
fact, differences in the number of OTUs found at all sta-
tions compared with the number only found at a single
station were not significantly different between 97% and
99% 16S rRNA gene sequence delineation nor with or
without singletons (Supporting Information Fig. S7;
Repeated measures ANOVA, Tukey’s test, P<0.05,
n5100). Yet, there were significant differences in the num-
ber of core populations between 100% and 97% OTU
clustering cut-offs (Supporting Information Fig. S7;
Repeated measures ANOVA, Tukey’s test, P5 0.01,
n5100) but not in the number of satellite populations
(Supporting Information Fig. S7; Repeated measures
ANOVA, Tukey’s test, P< 0.05, n5 100).
These results match predictions of bimodality in the
CSH proposed by (Hanski, 1982) rather than predictions of
unimodality in Levin’s model (Levin, 1974). The observed
bimodal pattern was remarkably stable and persisted
throughout several OTU clustering levels and irrespectively
of including or excluding singletons, (see Supporting Infor-
mation Figs S6 and S7). To our knowledge, this observed
bimodal pattern represents the first finding of bimodality
both for prokaryotic communities in general, and for any
organism in marine environments.
Observed patterns in regional colonization rates fol-
lowed a quadratic curve, where colonization (C) at first
increased with fraction of sites occupied (P) until about
50–65% occupancy, followed by a decrease in C until max-
imum P (Fig. 3). Extinction rates followed a similar
quadratic pattern, where extinction (E) first increased with
P, but until a higher occupancy compared with C (between
65 and 75%), followed by a decrease of E until maximum
P (Fig. 3). We examined how metapopulation models
could explain variations in colonization and extinction rates
Fig. 1. Average relative local abundance (normalized sequence
abundance) against average occupancy. Color denotes standard
deviation in occupancy where red is high and blue is low variation.
Size denotes standard deviation in local relative abundance where
large size is high and small size is low variation. By moving
towards left and down on the x- and y-axis, respectively, OTUs
display satellite characteristics schematically indicated by arrows.
By moving towards right and up on the x- and y-axis, respectively,
OTUs display core characteristics. Grey dotted line is smoothing
curve (LOESS). Grey line indicates relative abundance above 1%
(log 24.6).
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by using non-linear least squares analysis. Predictions
based on the CSH (Hanski, 1982) agreed well with the field
results for extinction rates (See blue dashed lines in Fig.
3), with on average low residual standard error, whereas
colonization rates had higher residual standard error (Sup-
porting Information Table S1). The CSH significantly
explained both colonization and extinction rates. Predic-
tions based on Levin’s model (Levin, 1974) showed overall
higher residual standard errors for extinction rates com-
pared with the CSH (Supporting Information Tables S1
and S2). Notably, both models significantly explained
observed extinction rates, although extinction rates pre-
dicted by Levin’s model had lower parameter estimates
compared with the CSH predictions (Supporting Informa-
tion Tables S1 and S2). In addition, linear prediction of
colonization rates suggested by Gotelli (1991), also
resulted in significant fits with observed colonization rates
(Supporting Information Table S3). Gotelli’s propagule rain
model in fact had lower residual standard error compared
with both Levin’s and Hanski’s quadratic models of coloni-
zation rates. Thus, all models produced significant fits for
quadratic and linear colonization and extinction rates. How-
ever, since the CSH prediction of bimodal occupancy-
frequency patterns matched our data on OTU distributions,
whereas Levin’s and Gotelli’s predictions of unimodality did
not, the CSH yielded a better overall agreement with the
observed data. The bimodality predicted in the CSH arises
because colonization and extinction rates depend on occu-
pancy (Hanski, 1982). In agreement, our results show that
colonization and extinction rates are coupled with the
regional occurrence of bacterioplankton populations. This
agreement of theoretical predictions and measured bacter-
ioplankton population dynamics favored the CSH for
interpreting regional effects of OTU distributions in the Bal-
tic Sea Proper.
Linking metapopulation dynamics and specific
populations in the Baltic Sea proper
In the Baltic Sea Proper dataset, the number of endemic
satellite bacterioplankton populations (i.e. OTUs only found
in one site each month) varied between 380 and 2201
OTUs. In contrast, the much fewer cosmopolitan core pop-
ulations (i.e. found in all sites each month) ranged
between 25 and 70 OTUs. A striking consequence of the
steep rank abundance distribution patterns was that the
Fig. 2. Occupancy-frequency distribution of OTUs in our spatiotemporal study of the Baltic Sea Proper (Western Gotland basin and Kalmar
sound). Filled yellow circles indicate relative sequence abundance (percentage of total sequences in each sample). Asterisks denote
significance levels (*p< 0.05, **p< 0.01, ***p< 0.001) for Mitchell-Olds & Shaw’s test. The maximum number of sites sampled each month and
at each station (i.e. maximum occupancy) is given by the x-axes. [Colour figure can be viewed at wileyonlinelibrary.com]
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Fig. 3. Colonization rates (A), and extinction rates (B) against occupancy (P). Each point represents the change in fraction of sites occupied
from one month to the next for individual OTUs, in total 4437 OTUs for all months. The red line indicates mean and the red shaded area
around the mean is standard error. Blue dashed, yellow and brown lines indicate the curve of observed data fitted by non-linear least squares
to the metapopulation model by Hanski (1982), Gotelli (1991) and Levin (1974), respectively, (Supporting Information Table S1). Examples are
from April-October 2011. OTU positions are jittered to reduce overplotting and colored in grey scale according to OTU density.
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core OTUs found at all sites during one sampling month
contributed to between 60 and 80% of the sequence abun-
dance that month (see yellow filled circles in Fig. 2). The
sequence abundance patterns described in Fig. 2 were
observed also at 99% and 100% OTU clustering of 16S
rRNA gene sequences, and both when including and
excluding singletons (Supporting Information Fig. S8).
Given the pronounced range between satellite to core
populations, we aimed to link the identity of particular
OTUs with observed metapopulation dynamics. First,
abundant populations with high relative abundance and
average occupancy (i.e. average local relative abundance
>0.01 and average P >0.9, respectively) were classified
as ‘core’; corresponding to Hanski’s core populations,
(n5 17) (Supporting Information Table S4). ‘Core’ popula-
tions such as those belonging to the Synechococcus
(PF_000001), CL500-29 (PF_000000), SAR11
(PF_000002), SAR86 (PF_000007), hgcI (PF_000007),
NS3a clades (PF_000008) and Spartobacteria (PF_000010)
were almost never found in the rare fraction in our study,
and were at nearly all times part of the rightmost column
in each of the panels in Fig. 2 (Supporting Information
Table S4). The presence of core populations affiliated
with the SAR11 and SAR86 clades and Synechococcus
is in agreement with the cosmopolitan distribution of
these lineages in marine environments (Pommier et al.,
2007; Ghiglione et al., 2012; Gibbons et al., 2013). It is
generally recognized that ‘core’ populations often have
advantages in utilization of widespread resources (Brown,
1984; Hanski and Gyllenberg, 1993). Hence, ‘core’ OTUs,
even though they adhere to an oligotrophic life strategy,
may be linked to the concept of generalist dynamics
(Gomez-Consarnau et al., 2012; Teeling et al., 2012).
Irrespectively of the precise physiological mechanisms,
our data suggest that core OTUs depend largely on main-
taining high levels of occupancy, implying an increased
probability of colonizing new sites and sustaining large
population sizes through positive feedback mechanisms.
Second, populations fluctuating in occupancy and local
relative abundance (SD P>0.05 and SD relative abun-
dance >0.05, respectively) were classified as ‘transient’
(n5 13) (Supporting Information Table S4). For example,
two Planctomycetaceae OTUs (PF_000021; PF_000073),
a Roseibacillus (PF_000037) and a Comamonadaceae
OTU (PF_000206) were transient. Interestingly, all tran-
sient populations displayed intermediate occupancy
around 50%. Temporal transitions are common in bacterio-
plankton communities and appear to occur between all
abundance classes (Campbell et al., 2011; Alonso-Saez
et al., 2015; Lindh et al., 2015).
Third, rare populations (<0.1% of average local relative
abundance) with high occupancy (P>0.5) were classified
as ‘continuously rare’ (n5 11) (Supporting Information
Table S4). It is noteworthy that these continuously rare
populations, e.g. Fluviicola (PF_000123), Pedobacter
(PF_000205), and OM182 clade (PF_000144) exhibited
high occupancy. Similarly, Galand et al., (2009) observed
that rare phylotypes remained rare when surface seawater
samples were compared with deep waters from the Arctic,
highlighting that most rare phylotypes were continuously
rare within that ecosystem. This suggests that some popu-
lations may have a permanent and widespread ecological
strategy of being rare.
Fourth, rare populations with low occupancy were classi-
fied as ‘satellite’; (i.e. average local relative abundance
<0.001 and average P5 0.01) equivalent to Hanski’s sat-
ellite populations, (n59987) (Supporting Information Table
S4). We exemplify the 20 most extreme cases of satellite
populations with OTUs only detected at a single site (Sup-
porting Information Table S7). Thus, for example ‘satellite’
populations were affiliated with SAR11 (PF_001188),
SAR86 (PF_000937), Psychrobacter (PF_000615) and
Owenweeksia (PF_000426). In accordance, rare OTUs
in the Arctic have highly restricted geographic ranges
despite the potential for high dispersal and low loss rates
(Galand et al., 2009). Satellite characteristics such as
these indicate a pronounced biogeography of the rare
biosphere, likely caused by the high extinction rates
observed.
We note that extinction rates were always higher than
colonization rates (>12.5% and <12.5%, respectively).
Higher rates of extinction compared with colonization imply
that a few populations with higher colonization compared
with extinction rates cause bimodal occupancy-frequency
patterns but most populations are headed towards local
extinction and regional rarity. The quadratic relationships
for colonization and extinction rates at different occupan-
cies highlight the importance of regional dynamics for local
populations with a decreasing probability for extinction with
increasing occupancy. Overall, these results substantiate
the hypothesis that the effect of stochastic variation is high-
est for populations with intermediate occupancy. A
corollary of this scenario is that it is far more likely for com-
mon populations than for rare ones to become more
common, and more likely for rare populations to become
even more rare. However, this particular scenario is only
possible under the assumption that dispersal occurs equal-
ly for all species. Studies in the macroecological context
have shown that this is not a correct assumption for plants
and animals (see e.g. Mehranvar and Jackson, 2001). Still,
it has been suggested that microbial eukaryotes have ubiq-
uitous dispersal given their abundance (Finlay and Clarke,
1999; Finlay, 2002). In fact, different microbial traits might
significantly alter their dispersal abilities; for example, dor-
mancy mechanisms may facilitate dispersal of certain
bacterial groups (Lennon and Jones, 2011). However, fur-
ther information on the dispersal capacity of particular
microbial species is needed. Nevertheless, we validated
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the core-satellite hypothesis, showing that positive feed-
back mechanisms regulate bacterioplankton population
dynamics in the Baltic Sea Proper.
In the Baltic Sea Proper dataset we also observed par-
ticular cases of population dynamics characterized by high
colonization or extinction rates. Firstly, several OTUs
showed a pattern of being absent one month, and present
at nearly all sites the following month, thus having a large
colonization rate (Fig. 3; Supporting Information Table S4,
n511). We denote this as ‘microbial rain’ pattern, as a
reformulation of the concept ‘propagule rain’ coined by
(Gotelli, 1991) for dispersal patterns of seed propagules
from trees. The detected ‘microbial rain’ populations
included Pseudomonas (PF_000313), AEGEAN-169
marine group (PF_000040) and FukuN18 freshwater
group OTUs (PF_000183). A reciprocal pattern was
observed for extinction rates, where some OTUs were
present at all sites one month, followed by absence from
all sites the following month - we term this ‘microbial
evanescence’, indicating large extinction rates (Fig. 3;
Supporting Information Table S4, n59). ‘Microbial eva-
nescence’ populations were exemplified by Polaribacter
(PF_000009), Rhodobacteraceae (PF_000427) and Flu-
viicola OTUs (PF_000134). We suggest that ‘microbial
rain’ and ‘microbial evanescence’ types of OTU distribu-
tions are likely to result from linkages between strong
seasonal shifts in environmental conditions and niche
differentiation.
OTU abundance distribution in a Baltic Sea-to-
Kattegat transect
To extend the exploration of the applicability of the CSH
and its consequences for interpreting bacterioplankton dis-
tribution patterns, we investigated complementary
datasets that covered a range of marine environments and
geographic distances. Thus, we first analysed a separate
dataset of 16S rRNA genes from the Baltic Sea, spanning
the entire 2000 km salinity gradient of this semi-enclosed
brackish system from salinity 3 to 32 (Fig. 4A; 19 sites). No
Fig. 4. A Baltic Sea transect covering the entire 2000 km salinity gradient (A), with the occupancy-frequency distribution of OTUs for all sites
of the transect (B), and the occupancy-frequency distribution of OTUs for brackish water sites only (i.e. salinity <15) (C). Asterisks denote
significance levels (*p< 0.05, **p< 0.01, ***p< 0.001) for Mitchell-Olds & Shaw’s test. NS denote non-significant bimodal patterns.
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significant bimodal occupancy-frequency pattern was
found when including marine sites with salinity 30 from
the Kattegat Sea (Fig. 4B; Mitchell-Olds & Shaw’s test,
P> 0.05, n5 19). However, exclusion of the marine sites
uncovered a significant bimodal pattern among the brack-
ish sites (Fig. 4C; Mitchell-Olds & Shaw’s test, P<0.05,
n5 17). This pattern was consistent when subsampling to
5000 sequences but not at 1000 sequences (Supporting
Information Fig. S9A and B; Mitchell-Olds & Shaw’s test,
P> 0.05 and P< 0.05, 1000 and 5000 sequences, respec-
tively, n517). The differentiation between marine and
brackish water sites indicated that changes in environmen-
tal conditions, in this case likely the salinity shift (from
5.626 2.06 to 22.006 3.10, Baltic Sea and Kattegat Sea
respectively), influenced the metapopulation dynamics -
separating bacterioplankton assemblages into distinct bio-
mes in the Baltic Sea compared with the Kattegat Sea.
Although the precise mechanisms remain unknown, salini-
ty influences the distribution of bacterial populations and
their functional potential in the Baltic Sea (Herlemann
et al., 2011; Dupont et al., 2014; Hugerth et al., 2015).
Curiously, strong general shifts in marine biota occur
across the Darss Sill at the border between Baltic Sea
brackish-marine conditions, as shown in e.g. palaeoeco-
logical analyses of diatoms (Witkowski et al., 2005). We
conclude that bacterioplankton communities over major
ranges of the Baltic Sea salinity gradient exhibit core and
satellite population dynamics as observed in the regional
analyses of Baltic Sea Proper data. Thus, species-
abundance patterns among Baltic Sea bacterioplankton
may provide clues to how bimodality is linked to specific
biomes.
OTU abundance distribution in global ICoMM datasets
To further extend the analyses of bimodal occupancy-
frequency distributions, we analysed distribution patterns
in broad global biogeographic datasets provided by ICoMM
(Amaral-Zettler et al., 2010). In 16 of 31 oceanic regions
bacterial communities displayed a significant bimodal pat-
tern (Supporting Information Table S5). In Fig. 5A we
exemplify some of the statistically significant bimodal pat-
terns by the samples from the Arctic Chukchi and Beaufort
Seas (ACB), Deep Arctic Ocean (DAO), New Zealand
sediments (NZS) and open ocean off Cape Cod (SSD)
(Mitchell-Olds & Shaw’s test, P< 0.05, n58–16; Fig. 5A;
Supporting Information Table S5). It is noteworthy that bac-
terial community composition in several vast oceanic
regions (e.g. ACB and NZS, spanning thousands of kilo-
meters) displayed bimodality. Still, in other regions, OTU
occupancy-frequency distribution patterns were not signifi-
cantly bimodal (Supporting Information Table S5), such as
the northwest Mediterranean (BMO) and Sponge commu-
nities from the Great Barrier Reef (SPO) (Mitchell-Olds &
Shaw’s test, P>0.05, n5 11-16; Fig. 5B; Supporting Infor-
mation Table S5). However, some of these datasets stand
out by the heterogeneity of the samples they encompass.
For example, the BMO transect comprised samples from
different depths although it is well established that bacterio-
plankton community composition differs significantly
Fig. 5. Examples of occupancy-frequency distribution of OTUs from
global ICoMM datasets displaying significant bimodal patterns (A),
examples not showing significant bimodality unless applying the
analysis on a subset of samples within datasets (B). Oceanic
regions are abbreviated; ACB, Arctic Chukchi Beaufort; DAO, Deep
Arctic Ocean; NZS, New Zeeland Sediment; SSD, spatial scaling
diversity (Cape Cod Atlantic Ocean); BMO, Blanes Bay Microbial
Observatory (North West Mediterranean Sea); SPO; Sponge
Bacteria (Great Barrier Reef). Please note that maximum 500
OTUs are plotted for the leftmost bar in each graph. Asterisks
denote significance levels (*p< 0.05, **p< 0.01, ***p< 0.001) for
Mitchell-Olds & Shaw’s test. NS denote non-significant bimodal
patterns. [Colour figure can be viewed at wileyonlinelibrary.com]
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between depths in a range of ecosystems, including the
northwest Mediterranean Sea (see e.g. Pommier et al.,
2010). Samples were therefore separated according to
depth, and surface waters were analysed separately; we
thus found a significant bimodal occupancy-frequency pat-
tern for these surface samples (Mitchell-Olds & Shaw’s
test, P5 0.003, n55; Fig. 5B; Supporting Information
Table S5; too few samples were available to test bimodality
at other depths). Similarly, it is established that bacterial
community composition differs considerably between
sponge species (Schmitt et al., 2012). Thus, when
accounting for sponge species, a significant bimodal
occupancy-frequency pattern emerged for OTUs associat-
ed with the sponge Rhopaloeides odorabile in the SPO
dataset (Mitchell-Olds & Shaw’s test, P50.002, n5 6; Fig.
5B; Supporting Information Table S5). Taken together,
analyses of datasets from several oceanic regions provid-
ed strong support for a widespread prevalence of
bimodality among marine prokaryotic assemblages.
From the above analyses we deduce that colonization of
bacterioplankton populations could be regulated by physi-
cochemical factors, structuring community composition
into specific biomes. In this scenario, large differences in
environmental conditions should lead to distinct patterns of
bacterioplankton community structure, i.e. no bimodality. In
contrast, within regions where dispersal is high compared
with variations in local environmental conditions, bimodality
should be detected. We therefore evaluated the relation-
ship between bimodal occupancy-frequency patterns,
beta-diversity, and environmental conditions. To analyse
such potential dependencies, we separated ICoMM data-
sets into groups for datasets with significant or non-
significant bimodal patterns, and calculated average Bray-
Curtis distances for all. This revealed that datasets with
significant bimodal patterns on average showed signifi-
cantly lower Bray-Curtis dissimilarity values than datasets
without bimodality (two-sample t-test, P5 2.1 3 1025,
n531) (Supporting Information Fig. S10A). Moreover, the
core:satellite ratio (number of OTUs occupying all sites
compared with a single site only) was significantly nega-
tively correlated with average Bray-Curtis distance (linear
regression, P5 0.0007, R25 0.30, n5 31; Supporting
Information Fig. S10B). A generalized linear model fit indi-
cated a saturation where the core:satellite ratio leveled off
around 0.05 (generalized linear model, inverse Gaussian
distribution, P50.0006, n531; Supporting Information
Fig. S10B). In terms of absolute changes in environmental
conditions – i.e. analyses made on average Euclidean dis-
tances – temperature, salinity and depth had an overall
tendency toward lower absolute differences for datasets
with significant bimodal patterns (Supporting Information
Fig. S10C–E). However, only temperature (Student’s t-test,
P5 0.046, n5 20) was significantly different between data-
sets with and without significant bimodal patterns. Notably,
absolute shifts in geographic distance were not significant-
ly different between datasets with or without significantly
bimodal patterns (Supporting Information Fig. S10F; two-
sample t-test, P5 0.292, n531). In agreement, Galand
et al., (2009) and colleagues found that distance was less
important compared with water mass for structuring com-
munity composition. These findings suggest that shifts in
environmental conditions, and not spatial distance per se,
are critical for regulating positive feedback mechanisms
between local abundance and regional occupancy, thus
affecting the occupancy-frequency pattern.
Although the bimodality patterns observed in the current
study conforms with Hanski’s metapopulation model, alter-
native hypotheses have been suggested to explain the
shape of different occupancy-frequency distributions,
including sampling effects (Gotelli, 1991; Tokeshi, 1992;
McGeoch and Gaston, 2002). For example, the shape of
the occupancy-frequency distribution depends on the size
of the sample unit and the number of units sampled. To
address potential issues of sampling effects, van Rensburg
and colleagues (2000) subsampled the number of individu-
als for multiple spatial scales. Although spatial scale is an
important factor in shaping bimodal occupancy-frequency
distributions, this could not be separated from the rescue
effect at the patch scale. In this paper, we performed two
separate rarefaction tests (one for the Baltic Sea Proper
and one for the Baltic Sea transect data, where we sub-
sampled each of the datasets to different number of
sequences to elucidate the impact of sampling effects. For
the Baltic Sea Proper data, we observed that, logically, the
number of core and satellite populations increased with
increasing sequencing depth (Supporting Information Fig.
S11). Most communities displayed a significant bimodal
occupancy-frequency pattern at 1600 sequences and all
communities were significantly bimodal at 3000 sequen-
ces. For the Baltic Sea transect data, subsampling to
1000 sequences resulted in a non-significant bimodal
occupancy-frequency pattern, whereas subsampling to
5000 sequences resulted in a significant bimodal pattern.
These findings suggest that sequencing at 3000–5000
sequences per sample is sufficient to capture bimodal
occupancy-frequency distributions.
The pattern of linear increase in the number of core and
satellite populations with increasing sequencing depth sup-
ports the CSH. Alternatively, the frequency distribution can
be a direct consequence of different species-abundance
patterns (e.g. log-normal [Preston, 1948] or logarithmic
[Williams, 1950] rank-abundance distributions). Neverthe-
less, when we fitted different distribution models with rank-
abundance curves for the Baltic Sea transect data, individ-
ual communities followed multiple distribution models, but
most were characterized by lognormal distributions (Sup-
porting Information Fig. S12A). However, the marine sites
followed the Mandelbrot distribution. As different
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distribution models were found both within and across
these environmental gradients coupled with bimodal and
unimodal patterns, respectively, we judge that sampling
effects from such differences in rank abundance profiles
were limited. Moreover, when we plotted a rank abundance
curve for all sites collectively and compared it with rank
abundance curves excluding marine sites, the curves were
remarkably similar and both exhibited lognormal distribu-
tions (Supporting Information Fig. S12B and C). Another
potential concern would be that sequencing errors result in
inflated number of OTUs. This bias was, in part, addressed
by excluding singletons in the analyses (although we did
test the influence of including singletons in our analyses,
see above). Further, the bioinformatics pipeline used in the
present paper and developed by Quince et al., (2011) aims
at resolving sequencing errors. In addition, populations
were clustered at 97% 16S rRNA gene identity, which
result in a conservative estimation of populations. Future
studies addressing the relative importance of artefactual
versus biological factors in terms of shaping occupancy-
frequency distributions could pinpoint robust mechanisms
determining biogeographical distribution patterns among
microbial assemblages (McGeoch and Gaston, 2002).
Still, in the datasets studied here, bimodality was found
over a variety of temporal-geographical scales, indicating a
pronounced robustness of the analyses. Alternatively, neu-
tral mechanisms in combination with dispersal could result
in a distribution pattern with locally abundant taxa also
occurring frequently (Sloan et al., 2006; Woodcock et al.,
2006; Economo and Keitt, 2008). However, colonization
and extinction rates predicted by the CSH agreed well with
our field data and point towards stochastic variation in
rates of local extinction and/or colonization accounting for
the observed bimodality. Taken together, our findings on
the biogeography of microbial populations at distances
ranging from <10 km to >10,000 km indicate that bimodal
OTU distributions are an important recurring pattern in sev-
eral marine ecosystems across the world’s oceans,
stressing the importance of regional dynamics.
Conclusions
Metapopulation models that include positive feedback
mechanisms between local abundance and regional occu-
pancy provide testable predictions of colonization and
extinction rates (McGeoch and Gaston, 2002). Explora-
tions of occupancy-frequency patterns have typically been
done in communities with <100 species, whereas only few
studies have investigated communities with >400 species
(McGeoch and Gaston, 2002; Soininen and Heino, 2005).
Our findings show that the core-satellite hypothesis can be
applied to highly diverse prokaryotic assemblages in
marine environments (>10,000 phylogenetically distinct
populations) to characterize biogeographical patterns
providing insight into the importance of regional dynamics.
Importantly, our results indicate that the core-satellite
hypothesis provides a theoretical basis for how the distribu-
tion patterns of rare and abundant bacterioplankton
populations in the local environment are regulated by sto-
chastic variation in colonization and extinction rates. Given
the pivotal role of marine bacteria in determining ocean-
wide biogeochemical cycles of essential elements and
fluxes of energy, the potential to identify drivers of the dis-
tribution of key populations could be central for
characterizing the genomic potential of bacterioplankton
for processes such as carbon, nitrogen and phosphorous
cycling. We infer that analysis of occupancy-frequency pat-
terns (e.g. the extent of bimodal distributions of core and
satellite populations) can be a highly valuable approach
allowing the definition of microbial biomes and for distin-
guishing where shifts in biomes occur across
environmental gradients. Thus, analyses like those per-
formed here open up for deepened mechanistic
understanding of factors determining biogeographical dis-
tribution patterns among distinct microbial communities
and their key populations. Such understanding could con-
tribute to critically interpreting the connectivity between
oceanic regions and how this relates to natural and anthro-
pogenic changes in the environment.
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Supporting information
Additional Supporting Information may be found in the
online version of this article at the publisher’s website:
Fig. S1. Conceptual drawing of the models outlined. Levin’s
model (panel A), Hanski’s core satellite hypothesis (CSH)
(panel B), Gotelli’s adaptations of propagule rain in Levin’s
model and Hanski’s CSH (panel C) and (panel D), respec-
tively. P is the fraction of occupied sites, C is colonization
rate and E is extinction rate. The linear and quadratic
extinction rates are calculated according to dP/dt5CP(1 –
P) – EP (Levin, 1974) and dP/dt5CP(1 – P) – EP(1 – P)
(Hanski, 1982), that characterize Levin’s model (panel A)
and the CSH (panel B), respectively. Levin’s model (panel
A) predicts a unimodal occupancy-frequency distribution
(the number of species that occupy different number of
sites; gray columns). Levin (1974) calculated the frequency
of extinction across all sites in a given ecosystem where all
patches are assumed to have an equal risk of extinction,
resulting in common species with high occupancy having a
higher risk to go extinct due to the high number of patches
they occupy. In contrast, the CSH (panel B) predicts a
bimodal pattern, and incorporates positive feedback mecha-
nisms between local abundance and regional occupancy
(Hanski, 1982). High rates of colonization in the CSH pro-
tect a population from extinction and are known as the res-
cue effect. In Gotelli’s model (Gotelli, 1991), colonization is
independent of P and based on a linear relationship
between C and P, Levin’s model and Hanski’s CSH are thus
modified according to dP/dt5C (1 – P) – EP and dP/dt5C
(1 – P) – EP(1 – P), (panel C) and (panel D), respectively.
Fig. S2. Map showing the 80-km transect in the Baltic Sea
Proper, adapted from (Dıaz-Gil et al., 2014; Legrand et al.,
2015). This transect was performed in the PLANFISH and
EcoChange frameworks, (see (Dıaz-Gil et al., 2014;
Legrand et al., 2015; Bertos-Fortis et al., 2016).
Fig. S3. Rarefaction curves for each sample collected in
the Baltic Sea Proper.
Fig. S4. Cluster analysis for comparing beta diversity calcu-
lated from Bray-Curtis distance estimation based on 454
pyrosequencing data using 97% 16S rRNA sequence simi-
larity. Yellow points indicate distinct seasonal clusters. Sta-
tion location is abbreviated with C, M and O denoting
coastal, middle and open ocean sites, respectively.
Fig. S5. Baltic Sea Proper species rank–abundance curves
for all samples.
Fig. S6. Occupancy-frequency distribution of OTUs delin-
eated at 97%, 99% and 100% 16S rRNA gene sequence
identity cut-off when clustering OTUs and including or
excluding singletons. Samples are as for Figure 2, in our
spatiotemporal study of the Baltic Sea Proper (Western
Gotland basin and Kalmar sound).
Fig. S7. Boxplots of the number of core and satellite popu-
lations detected at different 16S rRNA gene sequence iden-
tity cut-off for clustering OTUs (97%, 99% and 100%), and
including or excluding singletons. Samples are as for Figure
2, in our spatiotemporal study of the Baltic Sea Proper
(Western Gotland basin and Kalmar sound).
Fig. S8. Sequence abundance and occupancy. Filled circles
indicate relative sequence abundance (percentage of total
sequences in each sample) for OTUs delineated at 97%,
99% and 100% 16S rRNA gene sequence identity, respec-
tively. Samples are as for Figure 2, in our spatiotemporal
study of the Baltic Sea Proper (Western Gotland basin and
Kalmar sound).
Fig. S9. Occupancy-frequency distribution of OTUs from
the Baltic Sea transect for brackish water sites only sub-
sampled at 1000 and 5000 sequences, (A) and (B), respec-
tively. Asterisks denote significance levels (*P<0.05,
**P<0.01, ***P<0.001) for Mitchell-Olds & Shaw’s test. NS
denote non-significant bimodal patterns.
Fig. S10. Boxplot of average Bray-Curtis distances from
each ICoMM dataset and non-significant or significant bimo-
dality (A), the relationship between average Bray-Curtis dis-
tance and the core:satellite ratio (number of OTUs
occupying all compared to one site) (B), and the relation-
ship between average Euclidean distances of environmental
variables, geographic distance and non-significant or signifi-
cant bimodality (C-F). Asterisks denote significance levels
(*P<0.05, **P<0.01, ***P<0.001) for Student’s t-tests. Col-
ored lines in (B) indicate a linear regression model and a
generalized linear model (inverse Gaussian distribution),
red and blue color, respectively.
Fig. S11. Subsampling of bacterioplankton communities
found in each month showing the number of core (A), and
satellite (B) populations plotted against increasing sequenc-
ing depths. OTU tables were rarefied to 100, 200, 400, 800,
1600 and 3000 sequences, respectively.
Fig. S12. Rank-abundance curves from the Baltic Sea tran-
sect data for individual sites (A), all sites collectively (B),
and sites excluding marine conditions (C), (i.e. only sites
with salinity <15 were included).
Table S1. Non-linear least squares (NLS) analysis and sta-
tistics of observed colonization (C) and extinction (E) rates
fitted with Hanski’s model (Hanski, 1982) of C5cP(1-P) and
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E5eP(1-P). Asterisks denote significance levels (*P<0.05,
**P<0.01, ***P<0.001) for NLS tests.
Table S2. Non-linear least squares (NLS) analysis and sta-
tistics of observed extinction (E) rates fitted with Levin’s
model (Levin, 1974) where E5eP. Asterisks denote signifi-
cance levels (*P<0.05, **P<0.01, ***P<0.001) for NLS
tests.
Table S3. Non-linear least squares (NLS) analysis and statis-
tics of observed colonization (C) rates fitted with Gotelli’s mod-
el of propagule rain (Gotelli, 1991) where C5c(1-P). Asterisks
denote significance levels (*P<0.05, **P<0.01, ***P<0.001) for
NLS tests.
Table S4. Classification of taxa into “core”, “transient”,
“satellite”, “microbial rain” and “microbial evanescence” pop-
ulations. Times detected of each individual OTU average
occupancy (P) in percentage and average local abundance.
Populations with high average relative abundance>1% and
high occupancy were classified as “core”. Populations with
high variance in occupancy and relative abundance were
classified as “transient”. Populations with low relative
abundance but high occupancy and little variance in relative
abundance and occupancy were classified as “continuously
rare”. Populations with low average relative abundance and
low occupancy were classified as “satellite”. “Microbial rain”
and “Microbial evanescence” populations have large vari-
ance in occupancy, but have at one or more occasions
gone from being undetected at all sites to being present at
all sites, and vice versa, respectively.
Table S5. Bimodality in global ICoMM data of marine
microbes. For each ICoMM dataset, we have included the
number of sites, total number of OTUs and the time frame
within which the samples were collected, with p-values for
Mitchell-Olds & Shaw’s test of quadratic extremes. We fur-
ther provide percentages of OTUs occupying 1 site, interme-
diary sites (i.e. average percentage of OTUs occupying 2 or
more sites but not all) and all sites. The core:satellite ratio
(i.e. the number of OTUs occupying all sites compared to 1
site) is also displayed. For comparison, average Bray-Curtis
distances for each dataset is also provided. Asterisks denote
significance levels (*P<0.05, **P<0.01, ***P<0.001).
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